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Spin polarization of electrons tunrieling from 3d ferromagnetic metals and alloys
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The electron spin polarization (ESP) of a wide range of alloys of Cr, Cu, Fe, Mn, or Ti in Ni was

measured by the spin-polarized tunneling technique using thin-film Al-A1, 0,-ferromagnetic-alloy tunnel

junctions. The measurements were made at a temperature of 0.4 K and in an applied magnetic field of
3.5-4.0 T. A phenomenological correlation between electron spin polarization and atomic magnetic moment

which was previously observed for the pure ferromagnetic elements {Fe, Co, Ni), is shown to be valid for all

the alloys measured. Various methods were used for the deposition of the thin-film alloys. Each of these

methods gave the same relative values of ESP when compared to Ni deposited by the same method. The

dependence of the measured polarization on deposition parameters of the ferromagnetic films is presented.

The effect of the properties of the superconducting aluminum films and other sources of systematic error are

analyzed. The present results greatly constrain possible explanations of spin-polarized tunneling curtents

from 3d ferromagnetic metals based on current theories of itinerant ferromagnetism.

I. INTRODUCTION

The spin polarization of electrons emitted from
3d ferromagnetic metals has been measured re-
cently by several different methods. The com-
parison of the different experimental results and
their theoretical interpretation have provoked
much controversy. A, surprising result was that
the electron tunneling measurements and the
original photoemission measurements failed to
reveal the large, negative electron spin polar-
ization (ESP) 'that one might expect from the
Stoner-Wohifarth-Stater (SWS) theory of ferro-
magnetism. These results, which gave a positive
ESP (electron spin predominantly in the majority
direction in the terromagnet), raised the question
of whether revision was needed in the band theory
of ferromagnetism or alternatively in, the under-
standing of the photoemission and tunneling pro-
cesses.

The existence of ESP was first successfully
demonstrated in Gd, Dy, an.d Eu compounds. ' 4

Shortly thereafter the spin polarization of photo-
emitted electrons was measured in Ni, ' anci later
,in Co and pe. ' Spin polarization of field emitted
electrons was observed for EuS-coated tungsten
tips. ' Earlier attempts to observe ESP in the 3d
metals apparently had failed because of technical
difficulties in the electron optics. Shortly after
the photoemission experiments on Ni, the same
sign and magnitude of spin polarization were ob-
tained from a tunneling measurement. ' The-tunnel-
ing technique was then extended to Co, Fe, and

Gd, ' and in each case agreed rather well. with the
photoemission results. The results of the photo-
emission experiments also implied that ESP was
only slightly energy dependent in the region from

E~ to E~- 0.8 eV. However, recent photoemission.
studies by Eib and Alvarado' report a very rapid
decrease of spin polarization for energies very
close to E~

A review of experimental vrork on the emission
of spin-polarized electrons from 3d materials by
Siegmann" has presented a strong case for the
inadequacy of thy 8%8 theory of ferromagnetism.
Qn the other hand, the gx eat difficulty of improving
this theory has been described by Gutzwiller. "
It has even been proposed that band splitting may
not even exist in ferromagnetic nickel. " Experi-
mental techniques that have been used or proposed
for measuring ESP were reviewed by Meservey,
Paraskevopoulos, and Tedrow. " In this review,
results are given for the various techniques, and
attempted theoretical explanations are also l.isted.

The purpose of the present research was to ex-
tend the experiments of spin. -polarized tunneling
from elemental 3d ferromagnets to various alloy
3d systems. Such an extension of experimental
data should be valuable in evaluating theoretical
explanations of the electron spin polarization of
tunneling currents and photoemission. Earlier ex-
periments'" showed a phenomenological correla-
tion between polarization and atomic magnetic
moment, and one would like to know whether
such an effect is also valid with various ferro-
magnetic alloys. In addition there was a conjecture
that the ESP might be associated with preferential
impurity scattering of one spin direction over the
other within the ferromagnet. Since the tunneling
electrons presumably also carry the transport,
current it was thought that there might be 349'.lose
correlation between the two-current theories of
ferromagnetic conduction in alloys"" and the
ESP. Experimental results are presented for
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alloys of Ni with Cr, Cu, Fe, Mn, or Ti. A short
description of some of these results has already
been published. "

II. THEORY

A. Phenomenological analysis of the conductance measurements

For a spin-paired superconductor with no spin-
orbit effects, there is Zeeman splitting of the
quasiparticle states in an applied magnetic field. "
The BCS density of states is split into a spin-up
part and a spin-down part separated in energy by
2pH. The phenomenological theory of the super-
conductor- ferromagnetic-metal tunneling has
been developed in detail earlier. '

The tunneling conductance of a superconductor-
ferromagnetic-metal junction is obtained by cal-
culating separately the tunneling conductance of
each spin direction and assuming a parameter a
which accounts for the different tunneling prob-
ability for the spin-up and spin-down electrons.
a is defined as the fraction of the tunneling elec-
trons with magnetic moment in the direction of the
magnetic field (corresponding to the majority
electrons in a ferromagnet), or

n = ni/(ni+ni).
It follows that the electron spin polarization of the
tunneling electrons can be defined as

P=—(ni —n& )/(n&+n&) = 2a- l. (2)

0'4 —0'2
704-0,+0, —0, (3)

where 0, and v4 are the conductances at voltages
V and —V, repsectively, (where V is any voltage),
and 0, and 0, are the conductances at V+ 2~ and
—V- 2 pH. This result implies that any arbitrary
bias voltage and applied magnetic field may be
selected to determine P. However, practical
limitations exist; very low valves of H do not eli-
minate the fringing field of the ferromagnet, which
causes depairing in the Al, and high values of H,
close to the Al critical field, broaden the curves
again due to depairing, and obscure the effect of
the splitting. Qn the other hand, selecting arbi-
trarily the voltage V may introduce random errors
due to high slopes of the curves, except when such
selection is made so that the v's are close to local
maxima of the conductance curve where the abso-
lute value of the slope is small. The optimum
choice of voltage is approximately V=-4- p, H,
yielding

Complete analysis of the conductance curves for
the case of zero spin-orbit scattering is given in
Ref. 9. It was derived analytically that the frac-
tion n of tunneling electrons with magnetic moment
in the direction of magn. etic field is

o(+ 5+ pH) -o(-&+, lJH)

o(+ 5+ pH) -o(-&+ iLH)+ a(-& —iJH) -o(+ &- )JII)
(4)

o(+ a —I. H) —&x(-b+ pH) = 5, ,

o(- 4 —~) —o(+ 6+ pH) = 5, ,

0.(+ 4+ ~)—0(-4+ pH) =D,
(6)

(7)

where the four different values of 0 correspond to
the four conductance peaks in Fig. i. To be more
precise, o(-4 pH) is the conductance at bias
voltage V„o(-4+ IuH) at voltage V„o(+& ~)
at V„and o(+6+ ~) at V,. We can write

B. Correction due to spin-orbit scattering

When spin-orbit scattering is present in the
superconductor, the density of states is unchanged
at H = 0, but in a magnetic field the density of
states is split, and states in the two-spin direc-
tions are partially mixed. This effect can be des-
cribed in terms of the spin-orbit scattering para-
meter, defined as

(&0)

5~ —52 = 5.
Combining Eqs. (3)- (8) we obtain

(8)

P= 5/(2D 5) . —

Thus, by measuring the lengths 5, —6,, = 5 and D
on a measured conductance curve, the polarization
of the ferromagnetic film is obtained through Eq.
(8).

where ~„ is the spin-orbit scattering time. Engler
and Fulde" have calculated the density of states in
a magnetic field ~/4=0. 6 for four values of b.
The main feature of this result is that for small
values of b, some of the spin states which com-
prise the peak at large values of energy are shifted
by the spin-orbit interaction to near the peak at
low energy. For larger values of b, this mixing
of the spin states increases and the splitting of the
peaks decreases until, for b —~, the spin states
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FIG. 1. Upper figure shows the tunneling conductance
as a function of voltage for an Al-A1203-ferromagnetic-
metal tunnel junction at H= 0. Lower figure shows the
tunnel conductance with H = 4.0 T. The relative heights
of the Zeeman split peaks at V&, V2, V3, and V4 can be
used to obtain the spin polarization P of the tunneling
current. The value P = (6&- 62)/[D —(6~ —62)] assumes
complete spin pairing in the superconductor and is sub-
ject to correction for spin-orbit scattering. V= V„i
—VFM

are completely mixed and the two spin densities
of states collapse into a single one, identical to
that of the BCS theory. Bruno and Schwartz""
have calculated the density of spin sta.tes for vari-
ous values of magnetic field and spin-orbit scat-
tering, as well as the effect of spin-flip scattering
caused by magnetic impurities in the supercon-
ductor. Their theoretical calculations for spin-
orbit scattering were compared with experimental
results" in Al-A1, 0,-Ag tunnel junctions and
show good agreemen. t.

We have calculated numerically" the dynamic
conductance of a superconductor-ferromagnet junc-
tion for various values of the polarization in the
ferromagnet, spin-orbit scattering in the super-
conductor, and the depairing effect of the magnetic
field on the superconductor. The apparent (mea-
sured) polarization was found from these computer
results using Eq. (9). In Fig. 2, the true polari-
zation (the one assumed for the numerical calcula-
tion) is shown as a function of the apparent polari-
zation ignoring spin-orbit and magnetic-field de-
pairing. The apparent polarization was always
found to be greater than the true polarization.
Furthermore, it can be shown analytically'4 that
for a given value of b and orbital depairing the true
polarization is a certain. percent of the apparent
polarization indePendent of the magnitude of the
polarization. Thus the ratios of polarizations be-
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FIG. 2. Apparent (measured) polarization as a function
of actual polarization for various values of spin-orbit
parameter b.

tween different a,lloy films will be unaffected by
corrections due to the spin-orbit scattering and
orbita, l depa, iring.

Itwaspreviouslyfound" that the parameter b for
Al films similar to those used in this experiment is
usually not larger th o. 0.08. A search for a, poss-
ible correlation between the resistance per square
R, of the normal thin Al film and the Ni polariza-
tion (since b might be expected to be proportional
to R. ,

"at least for large values of b) gave negative
results. The Ni polarization was independent of
R., suggesting a low value of b for our samples.
A value near 0.05 gave self-consistent results
for some of the most carefully measured junctions,
but a highly accurate value of b is still not avail-
able.

III. EXPERIMENTAL TECHNIQUES

A. Junction preparation

The tunnel junctions were made in a conven-
tional way. First, an Al film approximately 40
A thick was evaporated through a, mask onto a
glass substrate cooled with liquid nitrogen. The
pressure during evaporation was less than 10 '
Torr. The thickness was determined with a. digital
quartz crystal monitor calibrated by multiple-
beam interferometer measurements. The Al film
had a, width of about 0.2 mm. After evaporation,
the Al film wa, s allowed to oxidize for about 10
min in room temperature air saturated with water
vapor and then dried out with dust-free air for
10 min. After oxidation of the Al, the ferromag-
netic metal wa.s deposited to make a crossed junc-
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tion. These cross strips had a width of 0.18 mm,
yielding a junction area of 3.6x 10 mrn'. Junc-
tions made in this way normally had an impedance
of 50-500 0 and were most satisfactory for the active
four-terminal circuit arrangement described later.
For two-terminal measurements, the junction im-
pedance could be increased up to 5 k 0 by longer
oxidation, thus making the thin film lead resis-
tances negligible. The ferromagnetic films were
deposited by various methods described below,
but were always made 500-1000 A thick. Solder
terminals at the ends of the metal strips were
evaporated through another mask. The solder
terminals consisted of a 100-A-thick adherence
layer of Cr and a thick layer of indium-tin solder.
Brass wires were soldered to the terminals. Each
sample consisted of eight junctions, all having the
same Al bottom film, but four of the top films were
deposited with one mask and mere made of the
ferromagnetic alloy being studied, and the other
four films were made of Ni. through a second
mask. In this way aQ measurements could be corn-
pared to the gi junctions for reference, and ef-
fects due to variations in the properties of the Al
thin films could be minimized. Thirty-two junc-
tions mere made each time, but only the eight
with the most consistent impedance values in the
proper range were measured and analyzed.

B. Ferromagnetic alloy deposition and composition

Three different methods were used to deposit
the ferromagnetic alloy films. For alloys such as
Ni-Fe and Ni-Cr for which the separate elements
have nearly the same vapor pressure at the evap-
oration temperature the single crucible evapora-
tion method could be used. For these substances
the behavior is close to that of an ideal solution so
that the deposited films had a composition close
to that of the liquid evaporant. In addition, since
the activity coefficients of these substances are
known, "corrections can be made for the behavior
of the real solutions, and the composition of the
deposited films can be accurately calculated. It
should be emphasized here that it is the alloy
composition at the junction interface that matters,
since the polarization of only the first few layers
is determined by tunneling. This was demonstrated
by Tedrom and Meservey" by finding that the
characteristic escape length for spin polarized
electrons in, Co films is about 3 A.

For alloys of Ni with Cu, Cr, Mn, or Ti, in,

which the impurity element has a vapor pressure
markedly different from that of Ni, simultaneous
evaporation from two separate sources could be
used. In the above cases Ni was evaporated by
an electron gun and the impurity element from

a repistively heated tungsten boat. The use of
two quartz crystal-oscillator thickness gauges pro-
vided a record of the combined mass deposited
from the two sources and the mass of the deposited
impurity as a function of time. When the deposi-
tion rates from the two sources had been adjusted
and were steady the shutter was opened to deposit
the film. The composition of the film and its
homogeneity could be determined from the thick-
ness gauge recordings.

Flash evaporation was a1.so tried for some of the
alloys. In this process a uniform mixture of fine
powder of the two elements in the proper propor-
tion is fed onto a hot tungsten surface. Since the
powder is fed slowly onto the tungsten, surface and
all evaporates, the film is constrained in the ideal
case to have the same composition as the powder
mixture. In practice, there are two difficulties
with this method. First, during the flash evapo-
ration, thepowder outgasses causing poor vacuum
conditions which probably contaminate the film.
Films made using this method showed a decrease
of polarization, which probably is caused by the
presence of disorder and oxides in the films. A
second difficulty is caused by the streaming gas
from the almost explosi've evaporation which some-
times deflected very fine powders from ever
reaching the hot filament. Such an effect could act
differentially on. the two species of powders and
cause concentration errors. For these reasons
the flash evaporation method was not used ex-
tensively.

To verify the accuracy of the above concentra-
tion calculations, the atomic concentration of the
thin films was measured by x-ray fluorescence
analysis in a scanning electron microscope. In
this method, the probing electron beam penetrates
to a depth of about 10000A, and therefore in,

passing through a film of up to 1000 A it is not
attenuated significantly. Thus, there is little
error caused by the attenuation of the electron
beam or by the absorption. of the emitted x-rays,
but obviously the result will depend on the com-
position averaged over the film thickness. The
atomic fraction of the minor constituent of the
alloy was accurate to between about 2% and 1070
depending on the situation, and the uncertainty is
indicated on the data presented.

C. Measuring apparatus

The experiment was performed by measuring
the normalized conductance &x=(dI/dV)z/(dI/dV)„
as a function of voltage for the Al-Al O,-Ni alloy
in magnetic fields up to 4 T. The 40-A-thick Al
films had transition temperatures close to 2.5 K
and critical fields of about 5 T. The measurements
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were taken at a temperature of 0.45 K, in a non. -
recirculating ~He refrigerator. The magnetic field
was produced either by a 2-in. bore radial-access
water-cooled solenoid or a 1.5-in. axial-access
superconducting coil, usually operated in the per-
sistent mode. The superconducting coil mas tipped
about 5' from the vertical axis of the 'He cryo-
stat. As long as the junction surface was tipped
less than 5' from the solenoid axis, appropriate
rotation of the 'He cryostat could always achieve
parallel alignment of the field and the junction
surface. However, in practice because of mutual
constraints of the Dewar systems, this alignment
sometimes gave a small perpendicular field which
caused some depairing of the Al film. The effect
of this misalignment mill be discussed later. With
the water- cooled radial- access solenoid exact
alignment was easily attained, but the noise level
was higher.

The dynamic conductance was measured by one
or both of two circuits. For measurements of
high-impedance junctions a two- terminal passive
circuit was used. In this circuit a small constant
ac voltage (usually 20 pV) was superimposed on a
variable dc bias, and the synchronous change in

current through the junction was measured by
detecting with a lock-in ampl. ifier the ac voltage
on a series resistance R,. Accurate operation of
this circuit requires that R,+ r, + r, «dV jdI =— R&

where r, and r, are the series lead resistances (in-
cluding the thin film resistances). However, be-
cause the thin-film leads have considerable re-
sistance, one may not be able to satisfy this in-

equality. The junction could be prepared with a
high R&, but this procedure increases the noise
since the ac voltage applied to the junction is
limited to -ke Tje. The best solution was a com-
promise in which the nonlinear error caused by
the series resistances was kept less than 3/0 and
the circuit was calibrated with an external re-
sistance box. In this way, the true dynamic con-
ductance of the junction. could be measured. The
two terminal circuit was particularly useful for
values of A&~3 kG.

To avoid tllls somewhat long 3lld sometimes in-
accurate procedure due to lack of the exact know-

ledge of the lead resistance, a more sophisticated
circuit was built similar to that described by
Hebard and Shumate. " This four-terminal dI/dV
circuit is based on the same principle as the two-
terminal one, but has the advantageous feature that
the ac modulation level on, the junction is mea-
sured by a second lock-in, amplifier, compared
to a reference level, and kept constant through a
feedback system utilizing a multiplier. This cir-
cuit allowed accurate measurements of junctions
with a normal state resistance as low as 10 A.

However, the feedback circuit had only a limited
operating range between a low resistance limit
at which the respon. se became nonlinear and a
high resistance limit where the circuit became un-
stable. In high magnetic-field measurement, the
instability level was almays belom the lowest point
of the dI/dV curve. But, when the zero-field
characteristic was traced, the bottom 10% was
chopped off. For this reason, all junctions were
usually measured at 0 = 0 also with the two-
terminal circuit, which is accurate for large
values of R&, and the accurate segments of each
curve were matched to each other.

D. Measurement procedure and errors

All samples mere first tested at room tempera-
ture by measuring the junction resistance by a
simple four-terminal dc circuit. Then the Al and

alloy thin-film strips were measured. The same
procedure was repeated at a temperature of about
3 K. In this way, the resistances of the leads and

junctions were found as well as their change from
300 to 3 K. The junction resistance increased by
an average factor of 1.3. The higher impedance
junctions increased by 1.3 to 1.5 and the lower
ones by 1.1 to 1.3. Since this ratio in a normal
tunnel junction should be a function only of the
oxide thickness, the barrier height, and the two

temperatures, the consistency of the ratios implies
that all junctions measured mere similar and their
oxide barrier was uniform, and that none of the
junctions was dominated by nontunneling spurious
conductance mechanisms.

Next, the resistance of the Al strip wa's recorded
as a function of tempexature from 3 to 0.45 K.
In this way the superconducting transition. tempera-
ture of the thin film was determined as well as any
spurious residual resistance at the lowest tem-
perature. Subsequently, the conductance- ver sus-
voltage curve was taken at zero field. In most
cases, the fringing field of the incompletely satu-
rated ferromagnetic film acted to change the den-
sity of states of the Al, causing some "washing-
out" of the curve. Figure 3 is a graphically
smoothed tracing of a set of conductance curves
for a Ni junction showing a polarization of 7.64%
at zero external field, at H=0.44 T which elimin-
ates the fringing field, and at II=3.4 T.

Then the conductance 0 in a high magnetic field
was measured as a function. of voltage V on
a normal calibrated scale (including the point o'

= 0), so that corrections due to electronic circuit
non, linearity could be calculated if necessary.
Finally, the part of the o-versus-V curve which in-
cluded the four peaks and therefore the lengths
5„5„and D (referring to Fig. 1) was expanded



4912 RASKEVpppUQpS MESERVE Y ANDD P. M. TED RPW 16

9
O

!
O

I.5 2.0-l. 5 -I.o -
. 5-o.5 o o.5 f.o

Vae VN; (mV)

FIG. 3. Typical conductance charac
Ni sample made b fl

e c aracteristic of a pure-
y ash evaporation a

H=O, 0.44, and 3.4 T
and measured at

Note the de air
e to the fringing field

p ired curve at H = 0

=0.44 T the magnetic d
ae front the ferr omagnet. At H

gne lc omains are al'
M pe ringing field on

and traced on the
times. In th

e x-y recorderer three or four
n is way, an aver e

zation of a t'par icular alloy as wel
age value of polari-

zation of the Ni f
as well as the polari-

ilms sharin the
1 t d d ts e ermined, as de

r-

IIA Ab t 200u junctions were me
work. Photored t're uctions of t ic

measured for this

for two junct'
ypical actual tracings

c ions are shown. Fi ur
ductance curve at a high m ag

po i'unc ion showing a low ol
resistance calibration is

as the resultant lin
is shown as well

inear conductance. F'
conductance curve f th

e. igure 5 is the

pve o the same 'u

are the conduct
our imes. Similar 1y, Figs. 6 and 7
uc ance curves of Fe-

showing a pohr tzation of 46.4%.
e-Ni alloy junction

One can refer back t go Eq. ~9&

sured conducta d
ere is a random error

ance due to
r & of the mea-

a d electronic noise and

+I +2I 0
VA~-V li „(mV)

FIG. 5. Expanded conductance chce charac eris ic of t
as in Fig. 4.

e

drift. In the rpractical case where
be shown that the

ere D»&5 it can

sured polar ization can
a e absolute error 6P in the mea-
iza ion can be approximated by

5P =*&/D.

The quantity D depends onl on ton y on e agni de o

surements approxim t 1 am
60

ima ely the sam
s. he error g was

divisions de e
as found to be 0.5-1

ependent on the artie
Th fo 5P= 1%and does not de

e po arization. Since f
curves were t k ' ca en for each 'unct'
result had a rand

j nc ion the average

polar ization.
a ran om error of about 0.5' absolute

It was showhown experimentall "t
' a ion is independent p

i ie, as long as this is
lf' ldof tho e thin'Al film. The e

tions "and 't
e to the1 o f'tt d oretical calcula-

n i was shown that P does n p
ameter associated with the

~ 9Jl

at.%

D

D

)
D

0
VA&

—V„„(mV)
-I +/

FIG. 4. Photoreduced actual tracin of
N'-C c ion at high magnetic field.

+2
I

-I +g0
VAs Voii y (mV)

FIG. 6. Photoreduced actual tracin
tion at high magnet' f' ld

+2



16 SPIN POLARIZATION OF ELECTRONS TUNNELING FROM. . . 4913

40
Fe
0

0
0

CL

20 loys

0 +I +2

FIG. 7. Expanded conductance characteristic for the
same junction as in Fig. 6.

to

parallel magnetic field.
As mentioned in Sec. IIC, the film could, in

principle, be exactly aligned with the magnetic
field by rotating the liquid 'He Dewar about its
symmetry axis which was in the vertical direc-
tion. Since the plane of the film was very nearly
parallel to the vertical axis and the axis of the
solenoid was tipped at about 5' from the vertical,
when the Dewar was rotated 360' there should be
two positions in which the magnetic field is ex-
actly parallel to the plane of the film. However,
the constraint of the solenoid on the flexible Dewar
sometimes prevented a perfect alignment and
caused some additional depairing in the Al film
from a small perpendicular field. This effect
could not be corrected for because it was dis-
covered near the end of the measurement series.
However, by applying a known perpendicular field
we could determine the effect of this additional
depairing on P. The apparent value Of P was
always diminished by the perpendicular field. The
largest possible absolute error from this cause
was about the same as or less than other sources

' of error. Since the effect was linear over the re-
gion of interest, relative values of P were unaf-
fected.

IV. EXPERIMENTAL RESULTS

First, Fe-Ni alloys were measured. They were
prepared by the single crucible method described
in Sec. IIIB. In Fig. 8 the measured polarization
of various alloy compositions (circles) is plotted
versus the corresponding magnetic moment for
bulk alloys. The straight line is a least-squares
fit of the Fe-Ni alloy data only, assuming a linear
relation between P and n~, where n~ is the atomic
magnetic moment in Bohr magnetons. The squares
are the earlier results" for the three pure ele-
ments Fe, Co, and Ni which are superimposed

on the diagram to show that the proportionality
constant P(ns is, within the experimental errors,
the same for the alloy and. the pure ferromagnetic
films, and approximately equal to 0.2. If for the
moment we assume that the polarization is ac-
curately proportional to the magnetic moment, the
scatter in the results is larger than the random
measuring errors. Part of this scatter may be
attributed to the use of the bulk value of magnetic
moments for the alloys whereas the magnetic mo-
ments of the thin films were presumably affected
by inhomogeneity, disorder, impurities, and
stresses in the films.

For this reason, we plot the above data in a
different way shown in Fig. 9. Both the polariza-
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FIG. 9. Polarization measurements and atomic mag-
netic moments (dashed line) of Fe-Ni alloys as a func-
tion of Fe concentration. The substrate temperature is
shown.
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FIG. 8. Measured polarization of Fe-Ni a11oys
(circles) as a function of atomic magnetic moment. The
straight line is a least-squares fit of the alloy data. The
squares are earlier results for the three pure elements.
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0.8tion P and atomic moment n~ of bulk alloys are
plotted versus the alloy composition. The dashed
line corresponds to n~ at absolute zero and is
taken from the literature. " The circles are the
measured values of P. It is clear that the spread
in the data is rather small, and that the dashed
and solid lines do not have the same shape. How-
ever, in the composition range of about (10-60)
at.% Fe, both P and ns are proportional to the con-
centration. In this range, Fe and Ni form a con-
tinuous series of solid solutions, "and the mag-
netic anisotropy constant E, is close to zero for
both crystalline ' and polycrystalline alloys.
Above and below this range K, becomes large.
It is not obvious at this point what role K, plays in
the alloy structure and polarization. However,
when the substrate temperature is raised to 400 K
prior to deposition of the fil.m, the resultant val-
ues of the pure-Ni polarization are increased as
shown by the x's at 100% Ni in Fig. 9. This finding
is consistent with the photoemission results. High
substrate temperature is known to yield Ni films
with lower K, (Ref. 33) and high magnetic moment,
as well as decreased stresses. Pn the other hand,
the decrease of the Fe polarization with increased
substrate temperature might be attributed to some
effect between the first few layers of deposited
Fe and Al, O„accompanied by a drastic decrease
in the tunnel junction resistance.

DilutealloysofMn, Ti, Cu, or Cr in Ni were also
measured and the results are shown in Figs. 10-
13. All three deposition methods described in
Sec. IIIB were used to form the alloys. In these
figures the circles represent alloys prepared by
separate source coevaporation, the triangles by
flash evaporation, and the squares by the single
crucible method. Different methods were usually
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FIG. 11. Normalized polarization measurements and
atomic magnetic moments (dashed line) of ¹i-Tialloys
as a function of Ti concentration.

tried to determine which was most practical for a
given alloy. For Ni-Mn where the two elements
have very different vapor pressures, the single-
source method was not used. Although flash evap-
oration seemed to be the most straightforward
method of preparation of any alloy, the outgassing
of the powders always decreased the polarization
as compared to the other two methods. In the case
of Ni-Cr flash evaporation was not tried because
the Cr was in the form of small slugs. En Figs.
10-13 we plot the normalized polarization P~
= (P~,„jPs,)(P„,) which is proportional to the
ratio of the measured values of P for the alloy
and for pure Ni prepared during the same evap-
oration (Ps,.) is the value of P for pure Ni
averaged over many evaporations. This normal-
izationprocedure is very useful for alloys with
low concentrations of the element alloyed with Ni
and low polarizations. Absolute changes in P
caused by variations in film preparation method
tend to be eliminated, as well as the effect of
spin-orbit scattering and magnetic field depaiz ing
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FIG. l2. Normalized polarization measurements and
atomic magnetic moments (dashed line) of Ni-Cu alloys
as a function of Cu concentration.

FIG. 10. Normalized polarization measurements and
atomic magnetic moments (dashed line) of ¹i-Mn alloys
as a function of Mn concentration.
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FIG. 13. Normalized polarization measurements and
atomic magnetic moments (dashed line) of Ni-Cr alloys
as a function of Cr concentration.

Tungsten
boat

—e -gun

Polarization results of pure Ni

Shaker

on the superconducting film as discussed above.
In measurements of Ni-Fe alloys where the values
of P are relatively large compared to variation
among samples, this normalization procedure is
unnecessary. The dashed lines are the magnetiza-
tion versus concentration results taken from the liter-
ature. '4 The solid lines in Figs. 11 and 13 are
least-squares fits of the data assuming a linear
relationship between P and n~. The ones in Pigs.
10 and 12 are simply drawn through the data
points. The error bars are estimated in the fol-
lowing way: one standard deviation of the polar-
ization inboth Ni and alloy is calculated from the
data; the relative errors of the two are added, and
the result multiplied by (P„,) . The concentration
values are the average of the calculated values and
those measured by x-ray fluorescence, and the
error bar is the difference of the two. There is
one more experimental point not shown in the
Ni-Mn curve, corresponding to about 88 at.%
Mn and giving a polarization of 1.25%. It j,s ex-
pected that the polarization would have dropped
to about zero at such a composition, and it is
probable that at such a high Mn content the films
are inhomogeneous having different regions rich
in either Mn or Ni, the latter ones causing this
slight polarization.

Certain deposition parameters were varied to
study their possible effects on polarization. The
results of Ni measurements are shown in Fig.
14. The data are grouped by the method of evap-
oration. Eachpoint represents one sample, i.e. , one
to four junctions where the value for each junction is
the average of three to four measurements. The
dashed lines represent the averagepolarization for
each subgroup. The mostconsistent results are those
for films evaporated from a tungsten boat; the polar-
ization was increased for a. substrate temperature
of 400 K and decreased for a substrate temperature
of 100 K in agreement wit& the photoemission re-

FIG. 14. Pure Ni sample polarizations for various
deposition parameters.

suits. In the e-gun group the scatter was larger,
the average polarization somewhat lower, and
there is no significant effect from heating the sub-
strate. The average polarization of the Ni films
made by flash evaporation was considerably
lowered, and there was no significant effect from
cooling the substrate. As mentioned before, it is
believed that the reduced polarization of films
made by flash evaporation was due to outgassing
gf the powder causing disorder in the films. Also,
Fe deposited by flash evaporation had a polariza-
tion which was decreased to about 34%. To test
this assumption, a sample was prepared with four
junctions made from powder by flash evaporation
and the other four junctions made from small
pieces of thin Ni foil also by flash evaporation. It
was expected that the one order of magnitude
higher volume to surface ratio for the foil should
lead to much less outgassing. The powder gave
P = (5.61 +0.2)%whereas the foil giveP = (6.35 +0.1)%,
which are consistent with the above hypothesis.

The reason for the considerable scatter of the
Ni data in Fig. 14 is not clear at this point. Ap-
parently some evaporation parameter which af-
fected the absolute polarization of both the alloy
and the pure Ni films was not being adequately
controlled. It is believed that one factor respons-
ible for the scatter is the depairing effect on the
superconducting Al, as described in Sec. IIID,
but the extent of this effect is not known. How-
ever, even in the worst case this could only ex-
plain at most half of the scatter.

It was mentioned earlier that the fringing mag-
netic field of the ferromagnetic alloy causes a
field perpendicular to the thin Al film at zero ap-
plied field, resulting in depairing of the Al and
some "washing out" of the conductance character-
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V. DISCUSSION

The band structure of ferromagnetic Ni has been
extensively studied, "'"and the density of states
can be calculated on the basis of the Stoner-
Wohlfarth-Slater theory. According to this view,
the majority-spin d-electron band is completely
filled, its top being below E~. At E~ the density of
minority- spin states predominates. Thus, it
was expected that photoemission from close to E~
would give negative (that is, minority) electron
spin polarization and that positive polarization
would be observed at energies further below E~.
Actually, in the original experiments on films, "
a positive polarization was measured which varied
little with energy in the region 0.4 to 0.8 eV below
E~. A recent result by Eib and Alvarado" of

TABLE I. H& of Ni films for various deposition methods.

Source H, (Z')

Tungsten boat
e-gun

PowderFlash evaporation 'Foil

0.237 k 0.045
0.236 +0.053
0.418 6 0.087
0.36

istic, but when a small parallel external field was
applied, the curves sharpened as shown in Fig.
3. The height of the highest conductance peak was
measured as a function of applied field for a
number of different alloys. It always showed an in-
crease with field, a saturation, and a slow de-
crease caused by the splitting of the peak and the
depairing due to the parallel field. The saturation
is believed to occur when the applied field aligns
the magnetic domains in the ferromagnetic films
and minimizes the fringing field associated with
domain flux closure outside the film. The
saturation threshold field H, was measured and
found to depend on alloy composition and deposition
method. For pure Ni the results are summarized
in Table I. Apparently there is no significant dif-
ference between the e-gun and the tungsten boat
but flash evaporation. causes an increased H, .
Again, it is reasonable to assume that this is ex-
plained by the increased disorder caused by the
relatively poor vacuum conditions during the flash
evaporation of the powder, and it is consistent
with the intermediate value of H, obtained when
pieces of foil were used with the shaker. All Fe-
Ni alloys with composition of over 20 at. % Fe had

H, = 0. The other alloys showed an initial increase
in H, vs impurity concentration and a decrease at
higher concentrations, with H, - 0 as the polar-
ization tended to zero. Substrate temperature (400
to 100 K) did not affect H, significantly.

photoemitted electrons from Ni (100) and (111)
single-crystal surfaces shows a sudden decrease
in the polarization near E~ and gives negative
polarization for energies less than 0.05 eV below
EF. These latest results depend sensitively on
the work function of the surface, which changes
as much as 0.10 eV dur ing a measurement, so
that the interpretation may be complicated by
threshold effects.

Wohlfarth" has shown that the earlier photo-
emission results in Ni do not necessarily conflict
with the SWS theory with plausible values of the
band splitting and the energy gap between the top
of the d band and E„. Furthermore, as Wohlfarth"
has recently pointed out, the latest experimental
results are in good agreement with his original
calculation of the energy dependence of the polar-
ization in Ni. However, when such a model is
applied to the density of states of Co or Fe,"the
results appear to disagree with experiment. Smith
and Traum ' have assumed momentum conserva-
tion in the photoemission process and calculated a
complicated dependence of the sign and magnitude
of P on the initial electron energy and the photon
energy. This view appears to conflict with the
very simple dependence of P on photon and electron
energies obtained in cesium-coated nickel. " Mag-
neto-optical Kerr effect (MOKE) measurements in

Ni appear to be consistent with the density of states
of the SWS theory, although for Co and Fe the situ-
ation is more obscure. "'" For Ni it should be
realized that the quantity measured by MOKE is
probably quite different from that measured in

photoemission, field emission, or tunneling be-
cause an electron is not extracted from the metal.

A calculation of the field emission from the (100)
plane of Ni by Politzer and Cutler ' giving P =-4%%d

agrees approximately with P =-10%%d obtained
in field emission experiments by Gleich et
al.~' Field emission experiments by Landolt
et al. showed initially positive P for both Ni (100)
and (110) tips but more recent results 7 indicate
P = (-3+ 1) lg for the Ni (100)plane'. Sine e the photo-
electric and tunneling results were in polycrystal-
line samples they do not necessarily conflict with
this calculation. Previous field emission work'
showed that the interpretation of these experiments
may be complicated, and further confirmation was
needed. One conclusion of the Politzer-Cutler cal-
culation is that the field emission in the [100] di
rection consists largely of electrons in the 4s-P
band, and that the high polarization of the d band

(—80/&j only contributes sufficiently to give a net
P=-4/0. This result seems to agree with x-ray
measurements which show a negative polarization
in the outer parts of the unit cell and with the
deuteron reflection measurements which also give



SPIN POLARIZATION OF ELECTRONS TUNNELING FRO&. ~ . 4917

negative polarization outside the metal surface. "
In the tunneling experiments, it was originally

assumed that the electron polarization would be
negative in Ni because of the high density of states
in the minority direction at, E~. However, there
seems to be no firm basis for, such an expectation.
For a simple one-dimensional band model, Harri-
son" has shown that the density of states does not
enter into the magnitude of the tunneling current.
This proof certainly has a limited range of validity,
but it shows that the observed positive polarization
is not necessarily in conflict with band calcula-
tions. Qn the other hand, the agreement of tunnel. -
ing and photoemission does appear to conflict with
a simple interpretation of the experiments on the
basis of the S%'S band theory. Qne way to explain
the tunneling results has been advanced by Fulde
et al." They calculated that the surface layer of
ferromagnetic Ni is positively polarized. Kautz
and Schwartz" also calculated the variations
caused by a surface in the relative spin density in
a spin-polarized electron gas. It is reasonable
that tunneling should be determined mainly by the
surface, but again the agreement with photoemiss-
ion, which has a characteristic probing depth of
10 A, makes this view difficult to maintain.

A number of attempts have been made to include
many-body effects in ferromagnetic band calcula-
tions. ""In particular Hertz and Aoi' have pre-
sented a theory which applies to tunneling. They
assume, on the basis of a plausible estimate and
the calculation of Politzer and Cutler for Ni, that
the tunneling current consists predominantly of
s electrons. According to these authors s-d hy-
bridization leads to a positive polarization which.
is of the proper size if spin-wave emission self-
energy effects are included. The values estimated
for Fe, Co, and Ni are 37Vo, 26/o, and 8%, re-
spectively. This theoretical picture implies that
the conduction properties of the two spin directions
are of primary importance in determing P. Al-
though the estimated values of polarization are of
the right sign and magnitude to agree with experi-
ment, the question remains how to interpret the
photoemission results in this picture. The "in-
terstitial- electron" model by Johnson' assumes
a partition of electrons into itinerant and localized
d ele .rons and claims to have accounted for the
photoeleetr ic results.

Our experimental results show a striking con-
sistency strongly supporting the idea that the elec-
tron spin. polarization is directly proportional to the
net atomic magnetic moment of the 3d metals, the
quantitative relation being approximately P/ns
=0.2. This result cannot be readily accounted for
by any presently well accepted theoretical model
describing ferromagnetism. It may be possible

for the Hertz and Aoi" model to explain these re-
sults as it did for the pure elements, but this re-
mains to be proven. Since the basic feature of the
present results is the direct relationship between
electron spin pola, rization and atomic magnetic
moment, any successful model will have to show
such a generalized result. Goodenough, "using
p departure from conventional energy-band calcu-
lations, has described the dependence of the mag-
netic moment on impurity concentration in ferro-
magnetic alloys. Stearns" has used a model that
assumes a predominant number of localized d- like
electrons indirectly coupled through a small num-
ber of itinerant d-like electrons to describe ferro-
magnetism. Recently she has applied this model
to tunneling into Fe, Ni, and Co,"and considered
the tunneling process with ferromagnets in a
manner similar to Bardeen's explanation of the ob-
servation of the density of states in tunneling with
superconduetors. The result for the polarization
P„of a. Ni alloy is

where E, is the energy (in the nonmagnetic state)
below E~ of the bottom of the conduction band of
the quasi-free-electrons which do the tunneling
and 2~„ is the ferromagnetic splitting of this band.
It is also assumed that 2~„=Ug, , where U is the
exchange splitting per Bohr magneton' which is
taken to be essentially constant for 3d ferromag-
nets. Stearns therefore concludes that P„/P„,
= p,„/p.„,, a result which agrees generally with
the present tunneling experiments. Assuming this
point of view, from our experimental result of
P, /p„=0. 2 and the assumption that E,=2.2 eV we
can calculate f/ to be 1.76 eP/ps which compares
favorably with previous experiments' that find U
to be about 1.8 for Ni and Co and 1.6 for Fe.

The conjecture that the ESP might be associated
with preferential impurity scattering of conduction
electrons on. one spin direction over the other with-
in the ferrorgagnet was also examined. According
to resistivity measurements in ferromagnetic
alloys" analyzed on the basis of the two-current
model and data recently compiled by Dorleijn and
Miedema, " impurities of Cu should scatter minor-
ity spins preferentially and might be expected to
increase the spin polarization. No such effect was
observed, and the results have been discussed in
a recent publication. "

VI. CONCLUSIONS

Although comparison of tunneling results with
those from photoemission, field emission, and
other methods of measuring ESP is interesting,
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there appears to be no present basis for believing
that the results should be the same. The quantities
being measured by the different techniques may be
quite different. For instance, small changes in

the work function caused by surface conditions are
important for field emission and for threshold
photoemission. For tunneling, such surface ef-
fects may be of minor importance. The presence
of high electric fields. is probably important in

the interpretation of field emission results. With
the magneto-optical Kerr effect, the fact that the
electron spin is detected without removing it from
the metal is probably of fundamental importance.

Concerning the present tunneling measurements
we have shown that for a, rather wide range of 3d
ferromagnetic metals and alloys the spin polariza-
tion of tunneling electrons is approximately pro-

portional to the saturation magnetic moment. This
simple and general result evidently reflects a
common property of the 3d ferromagnetic metals
rather than the peculiarities of any particular sub-
stance.
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